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SUMMARY

For optizum performance in cell sorting, i: i: critical to assure projpoer
tinlng i~ the charging of droplets to be deflected. A acthod furldct‘rmin-
ing the tcansit delay time in cell sorters has been devised and applicd 1o
dailv cperativn in the los Alames sorter svstetas.  T.a.s delay oonitor redac-
o Jdete:ticn of either scattsred or absorbud light froz= coils in the tiuig

stream ncar the point of droplet breakeff.



The technology of droplet-gencrating cell sorters has made significant
advances in the decade since the original cell scparator was constructed by
Pulwyler :n 1965 (3,%2). une of the daily problem. e¢ncountered in the npera-
tior of a lell sorter (s that of knowing the transit time between the point
of measuring the propertics of a cell in the flov system and the downstrean
region at which charging of the droplet containing the ceil of interest |
occurz. n the open-jet 'y uf fjlow syster (1,2), shis delay tisce can be
determi-o. ~imply 5% ceunting the equivalent nesbher o! surface undalaticns
betweern ::. sensing »pol and the breakoff dropler. However, in the enclosud
type i o - tamher (9), this rang of ocasureawnt is vt feasidle, and other
BOtinaés st he emploved o determim thie sorting delay tice. While most o
the comrer.aal cell ~orters are based on the open-jet flow svsten, there are
SCVCra: - oratories 7T A %) that use e lesee flow Clhambers.

There amy twes w00 ™ bode 8 deternining the sorting delay tize in

encloses 7 e Jha2iir sittese. The o ot traigittoreard method 6 o sore

standar . ToephoTos Tl.des unin, Jifderent drlav times and then t.-
detorz:i-. =~ard ctin it preser dolar time by o losking for the Sest osoriing
vicld., T otte seond oetsod e 0 e tlow chumtar i positaioned such that
the arpem= Ganer Sea L i tocused onte tne exét streazs. The delay tine o
then meacc2od as a tunction of position aloag the fluid stream by firse
sensing 17 (ells passing through a voluse sensing orifice and then bv
opticall> ~ecnxing their fluorcacence an they pass through the focused laser
beam. Thi. viclds a calibration curw from which delay timexs can be determined
by subscquent mrasurcment of the droplet breakeff position. However, thisx
calibraticn is good only at the flow rate used during the seasurcments, and
any changes {n flow conditions will render the calibration useless. The new
mcthod described in this paper uses s dedicated low-pwer lascr to monitor

optically the transit time to the droplet chargire region during real time.
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MATERIALS AND METHODS

The system which we have routinely emploved over the past three vears
monitors the real-time delay from between the optical signals in the sensing
region an2 lignt scatter.. v absorbed by cells in the region of droplet breshu;:.

[

This syste=z, itllustrated . - Fig. 1, consists of a helium=-ncon laser (1 to
2 w), a splerical lens tu focus the lascer beam, a photediode (FGSG tyvpe S00-
040B) l:i;-: detect.r, and appropriate mounting and pusitioning hardware. In
additior, special electronics are used teo mix the amplified monitor pulses,
the osci!lator sipnals, and rthe charging pulsce. to give swaitored waveiorms
that allrv ease of system timing. The focal length of the spherical lens is
not very .ritiral to the dusign, and a lo-ca focal length has generally been used
for convinivnce In mounting the laser and Jens in the space available.  Lenses
with fucal lengths of 15 and 20 cm have also been tried with vqual success.
The laser .cam can be focused cither on the 7luid stream above the charging
collar ¢r :n the droplet strear below the charging collar.  In the cas. of open-
Jet flov w:th no charging . cllar, it s easy to focus on the point of droplet
breakof <. The detector is placed approximiatels 20 ¢m behind the fluid stream,
and a pes:itioner allows adjustment of the angle of the detector with respect to
the laser ~cam.  No collection optics are used. The detector may be positioned
very close o the lascr beam, where it will be sensitive to absorption, or
farther avav, where it will sense scattered light from cells in the fluid
strean,

In addition to the cell signals, there will be a modulation of the laser
beam by undulations in the fluid stream or by droplets. In practice, this
modulaticn represents noise that tends to obscure the cell signals of interest.

This difficulty is overcome electronically as indicated by the block diagram in
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Fig. 2. 1In this circuit, part of the output from the piczoelectric transducer
(PZT) drive oscillator is mixed out of phase with the monitor signal to null
the modulazion introduced by the fluid. The i ht mndulation pickup can show
somc¢ harronic distortion compared te the sinewave oscillator output, but the
rulling circult neverthe p makes a significant improvement in the quality of
monftorcd signals. The deday signal is next mixed with an attenuated portion
of the charging pulse, piving a4 composite waveforn for vscilloscope display.,

A timing diagram for the «ignals of interest is shown In Fig. 3. From the
timing reiationships, the charging pulsc delar time is adjusted for proper

charging -7 the droplets containing culls to be sorted.



RESULTS AND DISCUSSION

The moritor detcctor can be positioned very clore to the laser beam for
absorpticn-seccitive measurements. In tuis mode, tiw detector is just
marginally driven into saturation. The presence of o cell will result in a
negative-;~ing pulse from this saturation level. 1In practice, it Is more
usual (9C° of the time) to position the detector in a light-scatter seasitive
mode near an angle of 1°,

Onc of our earl: observations with the delay monitor system was that
occasionally the delay monitor signals w.1ld occur randemly in time instead

of being

n
[y

hronized, Tnis was traced toe flow problems cccurring o or near
the exit crifice of the flow chamber. A partial blockage evidently causes

turbule:: zixing of the <¢lls and fluid in the exit oarifice. There was

usually nc other evidenoe of this flow problem either in the optical acasurcment -

with the Grgon-lascr or in perturbations of droplet tormation.

This tuiinique ittas been invaluable in diagnoesing 1w problems that would
reduce sorting officiency before such problems otierwise become apparent.  The
active reil-time delay monitor has proven a useful diagnestic svatem Yor boetd
improvc. cise of eperation in setting the delav time, as well as pgiving carly
warning ¢f flow-~vstem problems. A variation of this method has been used by
Menke < :7. (3) to ob-crve fluorescence from cells in deflectad droplets as a
method fcr verification of sorting in real time and for showiny that the delay
time is correct. The disadvantage of this svstem is that it requires a
dedicated argon=lon lascr. Measurements of cells in deflected droplets could
not bu done easlily with a heliumncon laser.

A potential use for this system as set up in Fig. 1 is in generation of the

charging pulse for minimizing the nawher of droplets that are charged. In
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this schere, the flow-system measurement would Initiate a sort pulse which

would be delayed. Ther this pulse, in coincidence with the delay monitor signal,
would generatce the charging pulse. This technique should be useful for both
types of Ilow svstems, but especially for the enclused flow chamber for which a
larger nurfer of droplet g - normally charged.

Another otential use 1. in improving separation efficiency. There Is exper-
imental evidence that a <igniflcant fraction of ine cells in the exit stream
are positioned in the final neck during droplet forrat: n and charging (7).
This results in a large dispersion in the trajectories of the deflected drop-
lets. The delay monitor sigral couldé be used in thin situation to determine
the relative position that the cell will have with respect to the breaking-off
droplet. If it is Indicated e¢arly enough that thc cell will be positioned in
the necr -7 the droplet, then it should be possible to shift the phase of the

P2T oscilliator fast cnough to accommodate tihe cell well within the droplet.
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FIG. 1. Diagram of LASL flow chamber and sorting delay monitor. A light-
scatter detector represents the optical measurement of cells passing through
the focused argon-ion laser beam. The delay mcultor system is shown with
the heliun-neon laser beam interrogating cells in the exit stream above the

charging collar.
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